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   There have recently been a large number of reports on climate change in the Arctic as well 
as on a global scale, indicating the latter 20th century is anomalous in terms of warming and that 
the 1990s are likely the warmest decade (Jacoby and D'Arrigo, 1989 ; Mann et  al.,  1999  ; Ledley 
et  al.,  1989  ; Levitus et  al.,  2000  ; Karl et  al.,  2000  ; and Delworth et  al., 2000). All computer 
modeling results indicate an enhanced warming in the future, due to increasing of atmospheric 
CO2, particularly in late autumn and winter in the Arctic (IPCC Report, Chapter 5,  1990  ; 
Washington,  1992  ; IPCC Report, Chapter 6,  1996  ; Russell et  al., 2000). 
   Air temperature has shown a distinct warming at a rate of about  1°C per decade in winter 
and spring months, particularly in the continental areas during the last few decades (Chapman and 
Walsh, 1993). Martin et  al. (1997) examined the  2-m, 6-hourly air temperatures from the 
Russian North Pole drifting ice station and showed a winter/spring warming of about  0.25°C per 
decade. Rigor et  al. (2000) found that almost the entire Arctic shows significant warming trends 
during spring. These changes are significantly greater than the global average increase of about 
 1°C per century. 
   The reason for the amplification of warming in the Arctic is due to positive feedback 
processes, making the Arctic sensitive to climatic change. Because of this sensitivity, Overpeck 
et  al. (1997) suggested that climatic change may become evident in the Arctic before it is 
discernible in other parts of the world. As an example of the feedback process, Kuang and Yung 
(2000) showed a 1.5 per cent decrease in the springtime UV reflectivity over the 13  years  ; the 
authors point out that this is equivalent to a 5 x 106  km2 decrease in the spring snow cover. 
   In the Arctic Ocean, there has been other evidence of significant climatic change.  Belchan-
sky et  al. (1995) showed that the annual sea ice coverage over the Barents Sea and Western Kara 
Sea has decreased from 1965. Parkinson et  al. (1999) and  Vinnikov et  al. (1999) found a decrease 
in northern hemisphere sea ice extent during the past 46 years. Comparing their results and 
others with the Geophysical Fluid Dynamics Laboratory and Hadley Center climate models, 
 Vinnikov et  al. (1999) concluded that the probability of the observed trends resulting from natural 
climate variability is less than 2% for the 1978-98 sea ice trends. Based on microwave satellite 
remote sensing data, Johannessen et  al. (1999) showed a reduction of about 3% per decade in the 
areal extent of the Arctic Ocean ice cover. Further, Rothrock et  al. (1995) showed that subma-
rine data acquired between 1958 and 1976 indicates that the mean ice draft at the end of the melt 
season has decreased by about 1.3 m in most of the deep water portion of the Arctic Ocean. 
   These changes of the Arctic Ocean sea ice appear to be related, at least in part, to flow of
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the North Atlantic Ocean water into the Arctic Ocean (Aagaard,  1989  ; Rudels et  al., 1994). 
Smith (1998) simulated this phenomenon. Further, this inflow appears to show a decadal and 
interdecadal oscillatory change (Walsh  at  al.,  1996  ; Proshutinsky and M. Johnson,  1997  ; Mysak 
and Venegar,  1998  ; Zhang  at  al.,  1998  ; Johnson  at  al.,  1998  ; Polyakov and Johnson, 2000). The 
decadal oscillation is called the Arctic Oscillation (AO) (Thompson and Wallace,  1995)  ; it is 
closely related to the North Atlantic Oscillation (NAO) (Dickson, 1999, Hilmer and Jung, 2000  ; 
Kwok,  2000  ; Deser, 2000). 
   Some modeling efforts on the major changes in the Arctic Ocean seem to suggest that the 
warming trend during the last few decades is enhanced by superposition of a few natural 
oscillatory changes and anthropogenic effects (Gillett et  al.,  2000  ;  2000  ; Andronova and 
Schlesinger, 2000), while Johnson  at  al. (1998) and Proshutinsky  at  al. (1999) emphasize  particular-
ly the importance of the superposed natural change. 
   Many glaciers around the world have retreated on a global scale during the 20th century 
(Bradley, 2000), although individual glaciers respond to specific microclimate characteristics 
(Meier, 1965). For example, a large loss of ice mass of the West Gulkana Glacier in Central 
Alaska has been extensively been studied (Brazel  at  al., 1992). The large Seward-Malaspina 
Glacier (2,830 km2) on the coast of South Alaska has been losing ice thickness at an average rate 
of 1 m/year for the past several decades (Tangborn et  al., 2000). Thomas  at  al. (2000) reported 
a rapid thinning of the Kanyerdlungssuaq Glacier in East Greenland of several meters over a  5-
year period, while Sohn et  al. (1998) found a rapid retreat of the Jakobshaven Glacier of West 
Central Greenland between 1962 and 1992. 
   Rabus and Echelmeyer (1998) examined the mass-balance of the McCall Glacier and found 
that its thickness was reduced by 19 cm per year between 1969 and 1972 and 43 cm per year 
between 1993 and 1996. This glacier is particularly useful to study effects of climate change 
because of its low-exchange rate. Sapiono  at  al. (1998) examined changes of the thickness of 
nine glaciers in North America and found a decrease of the thickness of about 10 m between  1957-
58 and 1993-96. Adalgeirstottir  at  al. (1998) examined also the thickness change of the Harding 
Ice Field located in South Central Alaska and found a decrease of about 21 m in a 43 year period. 
   Osterkamp (1994), Osterkamp and Romanovsky (1996, 1997, 1999) and  Romanovsky and 
Osterkamp  at  al. (1995) have found that continuous permafrost in Alaska has warmed up to  3°C 
at the surface, discontinuous permafrost has warmed as much as  1.5°C and some of the discontinu-
ous permafrost has been thawing during the last decade or so. 
   From the Arctic Ocean to the sub-arctic region, the distribution of flora and vegetation vary 
fairly systematically, dividing the Arctic into several circumpolar  zones  ; polar desert, steppe, 
tundra, taiga, timberline forest, and boreal forests (Young, 1989). It is expected that climate 
change will have profound impacts on such natural ecosystems in the Arctic. Global warming is 
expected to cause the poleward migration of flora and vegetation as observed from the Holocene 
era to date. However, understanding of this process requires interdisciplinary research (Chapin 
 at  al.,  1995  ; Pitelka et  al., 1997). Boreal forests account for about one-third of the carbon 
sequestered in terrestrial ecosystems, so that changes of the distribution of boreal forest will 
modify important feedbacks to the climate system (Mitchel and Hinzman, 1999). 
   The respiration rate of  CO, in tundra ecosystems is controlled by climatic change as 
respiration increases with increasing temperature and a deep water table causes more efficient 
aerobic processes which also lead to an increased release of  CO2. Further, there is a strong
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linkage between CO2 exchange and CH4 formation in some wet tundra (Christensen, 1999). 
Oechel  at at. (1997) found an indication that arctic tundra ecosystems change from net  CO, sink 
to a source. 
   In a recent general review of studies of climate change in the northern high latitude environ-
ment, Serreze  at  al. (2000), concluded  "  . Taken together, these results point a reasonably 
coherent picture of change, but their interpretation as signals of enhanced greenhouse warming 
is open to debate.  .. Nevertheless, the general patterns of change broadly agree with model 
 predictions."
                                   References 
Aagaard, K.,  1989  : A synthesis of the Arctic Ocean circulation,  Rapp. P.- V. Reun. Cons.  Int.  Explor.  Mer.,  188, 
        11-22. 
Adalgeirsdottir, G., K.A. Echelmeter and W.D. Harrison,  1998  : Elevation and volume changes on the Harding 
      Icefield, Alaska, Journal of Glaciology, 44, 148. 
Andronova, N.G. and  M.E. Schlesinger,  2000  : Causes of global temperature changes during the 19th and 20th 
       centuries, Geophys. Res. Lett., 27, 2137. 
Belchansky, G.I., Ilia N. Mordvintsev, G.K. Ovchinnikov and D.C. Douglas,  1995  : Assessing trends in Arctic 
      Sea-ice distribution in the Barents and Kara Seas using the Kosmos-Okean satellite series, Polar 
       Records, 31, 129. 
Bradley, R.,  2000  : 1000 years of climate change, Science, 288, 1353. 
Brazel, A.J., F.B. Chambers and L.S. Kalkstein,  1992  : Summer energy balance on West Gulkana Glacier, 
      Alaska, and linkage to a  tempral synoptic index, Zeitschrift  fiir Geomorphologie, 86, 15. 
Chapin, F.s. III, G.R. Shrer, A.E. Giblin,  K.G. Nadelhoffer and A. Laundie,  1995  : Response of arctic tundra to 
       experimental and observes change in climate, Ecology, 76, 694. 
Chapman, W.L. and J.E. Walsh,  1993  : Recent variations of sea ice and air temperatures in high latitudes, Bull. 
       Am. Meteor. Soc., 74, 33. 
Christensen, T.R.,  1999  : Potential and actual trace gas fluxes in Arctic terrestrial ecosystems, Polar Research, 
       18, 199. 
Delworth, T.L. and T.R. Knutson,  2000  : Simulation of early 20th Century global warming, Science, 287, 2246. 
Deser, C.,  2000  : On the teleconnectivity of the "Arctic Oscillation", Geophys. Res. Lett., 27, 779. 
Dickson, B.,  1999  : All change in the Arctic, Nature, 397, 389. 
Gillett,  N.P., G.C. Hegerl, M.R. Allen and P.A. Stott,  2000  :  Implications of changes in the northern hemi-
       sphere circulation for the detection of anthropogenic climate change, Geophys. Res. Lett., 27, 993. 
Hilmer, M., and T. Jung,  2000  : Evidence for a recent change in the link between the North Atlantic 
       Oscillation and Arctic sea ice export, Geophys. Res. Lett., 27, 989. 
Houghten,  J.  J., L.G.  Meira,Filho,  B.A. Callander, N. Harris, K. Kattenberg and K. Maskell, eds., 1996: IPCC 
       Report, Climate change 1995,  13-48, Cambridge Univ. Press. 
Houghton,  J.  J., et  al., eds., 1990: IPCC Scientific Assessment, Climate Change, Cambridge Univ. Press. 
Jacoby, G.C. Jr. and R. D'Arrigo,  1989  : Reconstructed northern hemisphere temperature since 1671 based on 
      high latitude tree-ring data from North America, Climatic Change, 14, 39. 
Johannessen,  0.M., E.V. Shalina and  M.W. Miles,  1999  : Satellite evidence for an Arctic Sea ice cover in 
       transformation, Science, 286, 1937. 
Johnson,  M.A., A.Y. Proshutinsky and  I.  V. Polyakov,  1998  : Atmospheric patterns forcing two regimes of 
       arctic  circulation  : A return to anticyclonic  conditions  ?, Geophys. Res.  Lett., 25, 1297. 
Karl, T.R.,  R.W. Knight and B. Baker,  2000  : The record breaking global temperatures of 1997 and  1998  : 
      Evidence for an increase in the rate of global  warming  ?, Geophys. Res. Lett., 27, 719. 
Kuang, Z. and Y.L. Yung,  2000  : Observed albedo decrease to the spring snow retreat, Geophys. Res. Lett., 27, 
      1299. 
Kwok, R.,  2000  : Recent changes in Arctic Ocean sea ice motion associated with the North Atlantic Oscilla-
       tion, Geophys.  Res. Lett., 27, 775. 
Ledley, T., E.T. Sundquist, S.E. Schwartz, D.K. Hall, J.D. Fellows and T.L. Killeen,  1999  : Climate Change, 
      EOS, 80, 453. 
Levitus, S., J.I. Antonov, T.P. Boyer and C. Stephens,  2000  : Warming of the world ocean, Science, 287, 2225. 
Mann,  M.E., R.S. Bradley and M.K. Hughes,  1999  : Northern hemisphere temperatures during the past
154 SYUN-ICHI  AKASOFU
 millennium  : Inferences, uncertainties and limitations, Geophys. Res. Lett., 26, 759. 
Martin, S., E. Munoz and R. Dreucker,  1997  : Recent observations of a spring-summer warming over the 
      Arctic Ocean, Geophys. Res. Lett., 24, 1259. 
Mitchell, S. and L. Linzman,  1999  : The role of wildfire in  Alaska  : Frostfire, Global Glimpses, 7, 3. 
Mysak, L.A. and S.A. Venegas,  1998  : Decadal Climate Oscillations in the  Arctic  : A new feedback loop for 
       atmospheric-ice ocean interactions, Geophys. Res. Lett., 25,  3607. 
Oechel, W.C. and M. Vourlitis,  1997  : Climate change in northern  latitudes  : Alterations in ecosystem struc-
      ture and function and effects on carbon sequestration, Global Change and Arctic Terrestrial Eco-
       systems, edited by  1AT.C. Oechel, T. Callaghan, T. Gilmanov, J.I. Holten, B. Maxwell, and B. Sveinbjor-
       nsson, pp. 381-401, Springer, New York. 
Osterkamp, T.E.,  1994  : Evidence for warming and thawing of discontinuous permafrost in Alaska (abstract), 
      EOS Trans. Am. Geophys. Union, 75(44), 85. 
Osterkamp, T.E. and  V.E.  Romanovsky, 1996: Characteristics of changing permafrost temperatures in the 
      Alaskan Arctic, Arctic and Alpine Res., 28(3), 267-273. 
Osterkamp, T.E. and  V.E. Romanovsky,  1997  : Freezing of the arctic layer on the Coastal Plain of the 
      Alaskan Arctic, Permafrost and Periglacial Processes, 8(1), 23-44. 
Osterkamp, T.E. and V.E.  Romanovsky,  1999  : Evidence for warming and thawing of discontinuous perma-
       frost in Alaska,  Permafrost and Periglacial Processes, 10, 17-37. 
Overpeck, J., K. Hughen, D. Hardy, R, Bradley, R. Case, M. Douglas, B. Finney, K. Gajewski, G. Jacoby, A. 
       Jennings, S. Lamoureux, A. Lasca, G. MacDonald, J. Moore, M. Retelle, S. Smith, A. Wolfe and G.
      Zielinski,  1997  : Arctic environmental changes of the last four centuries, Science, 278, 1251. 
Parkinson, C.L., D.J. Vacalier, P. Gloersen,  H.J. Zwally and J.C.  Corns°,  1999  : Arctic sea ice extents, areas, 
       and trends, 1978-1996, J. Geophys. Res., 104, 20,837. 
Pitelka, L.F. and the Plant Migration Working Group,  1997  : Plant Migration and Climate Change, American 
      Scientist, 85, 464. 
Polyakov,  I.V. and M.A. Johnson,  2000  : Arctic decadal and interdecadal variability, Geophys. Res. Lett., in 
        press. 
Proshutinsky, A.Y. and M. Johnson,  1997  : Two circulation regimes of the wind-driven Arctic Ocean,  I 
       Geophys. Res., 102, 12,493. 
Proshutinsky, A.Y.,  I.V. Polyakov and  M.A. Johnson,  1999  : Climate states and variability of arctic ice and 
      water dynamics during 1946-1997, Polar Research, 18, 135. 
Rabus,  B.T. and K.A. Echelmeyer,  1998  : The mass balance of McCall Glacier, Brooks Range, Alaska, U.S.A.; 
      its regional relevance and implications for climate change in the Arctic, Journal of Glaciology, 44, 147. 
Rigor,  I.G.,  R.L. Colony and S. Martin,  2000  : Variations in surface air temperature observations in the Arctic, 
      1979-97, J. Climate, 13, 896-914. 
Romanovsky, V.E. and T.E. Osterkamp,  1995: Interannual variations of the thermal regime of the active 
       layer and near-surface permafrost in Northern Alaska, Permafrost and Periglacial Processes, 6, 313-
       335. 
Rothrock, D.A., Y. Yu and  G.A. Maykut,  1999  : Thinning of the Arctic sea ice cover,  Geophys. Res. Lett., 26, 
      3469. 
 Rudeis, B., E.P. Jones, L.G. Anderson, and G. Kattner,  1994  : On the intermediate depth waters of the Arctic 
      Ocean, in The Polar Oceans and Their Role in Shaping the Global  Environment  : The Nansen 
       Centennial Volume, Geophys. Monogr. Ser., vol. 85, edited by  O.M. Johannessen,  R.D. Muench, and J.E. 
       Overland, p. 33-46, AGU, Washington, D.C. 
Russell, G.L.,  J.R. Miller, D. Rind, R.A.  Ruedy and G.A. Schmidt,  2000  : Comparison of model and observed 
      regional temperature changes during the last 40 years, J. Geophys. Res., 105, 14, 891. 
Sapiano, J.J., W.D. Harrison and K.A.  Echelmeyer,  1998  : Elevation, volume, and terminus changes of nine 
      glaciers in North America, Journal of Glaciology, 44, 146. 
Serreze,  M.C., J.E. Walsh, F.S.I. Chapin, T.E. Osterkamp, M. Dyurgerov, V.E. Romanovsky, W.C. Oechel, J. 
      Morison, T. Zhang and R.G. Barry,  2000  : Observational evidence of recent change in the northern
      high-latitude environment, Climatic Change, 46, 159  . 
Smith,  D.M.,  1998  : Recent increases in the length of the melt season of perennial arctic sea ice, Geophys. Res. 
       Lett., 25, 655. 
Sohn,  H.-G., K.C. Jezek and C.J. van der Veen, Jakobshavn Glacier,  1998  : West  Greenland  : 30 years of 
       spaceborne observations,  Geophys. Res. Lett., 25, 2699. 
Tangborn, W.V., C.S. Lingle and T.C. Royer,  2000.: Do Negative Glacier Mass Balances Affect the Alaska 
      Coastal  Current  ? The AAAS  51" Arctic Science Conference, Arctic Science  2000,  Whitehorse, 
      Yukon, Canada, 21-24 Sept. 2000. 
Thomas, H.T., W.  Abdalati, T.L. Akins,  B.M. Csatho, E.B. Frederick, S.P. Gogineni, W.B. Krabill, S.S. Man-
              GROBAL CHANGE IN THE  ARCTIC: RECENT STUDIES 155 
      izade and E.J. Rignot,  2000  : Substantial thinning of a major east Greenland outlet glacier , Geophys. 
       Res. Lett., 27, 1291. 
Thompson, D.J.W. and J.W. Wallace,  1998  : The arctic oscillation signature in wintertime geopotential height 
       and temperature fields, Geophys.  Res. Lett., 25, 1297. 
Vinnikov,  KN., A. Robock, R.J. Stouffer, J.E. Walsh,  C.L. Parkinson,  D.J. Cavalieri, J.F.B . Mitchel, D. Garrett 
      and V.F. Zakharov,  1999  : Global warming and Northern Hemisphere sea ice content , Science, 286, 
      1934. 
Walsh, J.E., W.L. Chapman and T.C. Shy,  1996  : Recent decrease of sea level pressure in the Central Arctic, 
      J. Climate, 9, 480. 
Washington, W.M.,  1992:  Climate-model response to increased  CO, and other greenhouse gases, Climate 
      System Modeling, Cambridge Univ. Press. 
Young, S.B.,  1989  : To the Arctic: An introduction to the Far Northern World, John  Wiley & Sons., Inc., New 
       York. 
Zhang, J., D.A. Rotthrock and M. Steele,  1998  : Warming of the Arctic Ocean by a strengthened Atlantic 
 inflow  : Model results,  Geophys. Res. Lett., 25, 1745.
